1. Introduction {#sec1}
===============

Because the global environment pollution has been becoming more and more serious, most of the countries in the world have announced very stringent policies to control the fuel quality; thus, ultraclean fuels have become alternative sources to provide driving forces for industrial and societal development.^[@ref1]−[@ref3]^ On the other hand, the demand for fuels keeps rapidly increasing with social and economic development,^[@ref4]^ which makes a great challenge and motivation for the petroleum refining industry in such a paradoxical situation. Sulfur compounds are the typical harmful impurities for environmental deterioration.^[@ref5]^ Therefore, how to remove sulfur compounds in oil is of great significance to upgrade the fuel quality. With the development of technology for sulfide removal,^[@ref6]−[@ref8]^ most sulfur-containing compounds can be easily removed except for macromolecular sulfides, such as dibenzothiophene (DBT),^[@ref9]^ which are the major refractory species for ultradeep desulfurization. Nowadays, a hydrodesulfurization technique is widely utilized for S removal in the industry.^[@ref10]^ The traditional hydrogenation catalysts consist of three main components containing active metals, carriers, and additives.

As a key part of hydrodesulfurization catalysts,^[@ref11],[@ref12]^ supports should provide stable structures and porous channels for the catalysts to accommodate the highly dispersed active metallic species and to transfer the macromolecular sulfur compounds to the active sites, and they should also have suitable acidity and appropriate metal--support interaction for the adsorption--desorption and catalytic reactions of reactants during the hydrogenation process. In addition, the catalyst should have high thermal stability and reactivity for long-term operation. Nowadays, γ-Al~2~O~3~ as a traditional support has been widely applied in industrial processes owing to its characteristic advantages^[@ref13]−[@ref15]^ including (1) low cost, (2) good stability, (3) high tolerance for longevity, and (4) good regeneration capacity. On the contrary, it also has the following drawbacks,^[@ref16]−[@ref18]^ i.e., undesirable surface area and pore diameters as well as unconcentrated pore diameter distributions, which restrict the complete removal of macromolecular sulfides like benzothiophene, dibenzothiophene, and derivatives. Zeolites,^[@ref19]−[@ref22]^ such as beta, ZSM-5, and Y, are excellent candidates for catalyst carriers since their regular configurations, shapes, pore sizes, and excellent connectivity of channels could provide huge potential for high activities. Much more attention has been paid to zeolites as catalyst supports. Dong et al.^[@ref23]^ modified the unsupported NiMo catalysts by beta zeolite nanoclusters through a hydrothermal method. The results revealed that both Lewis acid and total acid were improved after the incorporation of beta nanocrystals. Furthermore, the hydrodesulfurization (HDS) activity and selectivity were also greatly enhanced as a result compared with HDS reactions over the unsupported NiMo catalysts. Unfortunately, the reactions of macromolecular dibenzothiophene were restricted due to the limited pore sizes of the beta-supported catalysts.

Mesoporous sieves are preferable for hydrodesulfurization reactions^[@ref24]−[@ref26]^ since the large pore size ranging from 5 to 20 nm especially facilitate the sulfur removal of macromolecular sulfides. Wang et al.^[@ref27]^ successfully synthesized a series of mesoporous silica FDU-12 materials with different morphologies, and the FDU-12-supported NiMo HDS catalysts exhibited high catalytic performance with the optimal DBT HDS conversions. However, pure siliceous mesoporous composites have their inevitable limitations,^[@ref22],[@ref28],[@ref29]^ including weak acidity, amorphous structures, and unsatisfactory hydrothermal stability, which would lead to inadequate active sites and then result in poor HDS performance.

Therefore, some research studies^[@ref22],[@ref30]−[@ref32]^ introduced primary and secondary structural units of microporous zeolites into the mesoporous structures in order to improve the acidic property through an in situ assembly preparation process. Zhang et al.^[@ref33]^ synthesized beta/SBA-15 (BS) by a hydrothermal method and then prepared NiMo-supported catalysts by an impregnation procedure for hydrodesulfurization. The HDS evaluation results confirmed that the hydrodesulfurization activities of the NiMo/BS series catalysts supported on micromesoporous materials were higher than those catalysts supported on a single component or mechanical mixtures, providing the superiority of micromesoporous materials in combination with mild acidity and perfect pore sizes for the hydrodesulfurization reactions. Meanwhile, the majority of Mo species existed as highly dispersed aggregates of Mo~8~O~23~ in the surface of the BS support, and then they could be easily vulcanized to form MoS~2~ active phases, thereby contributing to great hydrodesulfurization activity. In addition, the micromesoporous supports revealed outstanding catalytic activities compared with alumina, which were derived from their preferable texture properties of big pore size and large specific surface area as well as great surface modifications of heteroatom doping and structure assembly.

Essentially, many factors have great influences on the properties^[@ref26],[@ref31],[@ref32]^ of the synthesized molecular zeolites in the preparation process of carriers among which hydrothermal temperature plays a leading role, especially in the polymerization of the silicate ions and self-generated pressure in the crystallization tank, which could result in variations of the pore structures and acidities of molecular sieves.

In this research, the micromesoporous materials ZSM-5/SBA-16 (ZS) were completely produced by a self-assembly method through addition of preformed aluminosilicate nanoclusters of ZSM-5 and triblock copolymer EO~106~PO~70~EO~106~ (F127) micelles in the two-step hydrothermal preparation process in which the influence of the main factor, hydrothermal temperature, was investigated systematically on the characteristics of as-prepared materials. Then, the series catalysts denoted as NiMo/ZS-*x* were prepared by two-step incipient wetness impregnation procedures using the above supports of ZS composites. The characterizations of both materials and catalysts were performed by different kinds of techniques, including XRD, TEM, SEM, HRTEM, XPS, Raman spectroscopy, nitrogen physisorption, and pyridine FTIR, to analyze the typical information of chemical species, textural properties, morphologies, metal valence, and acid distributions. The HDS activity of the related catalysts was evaluated in a microreactor unit with DBT as the model feedstock. Finally, the influence of different hydrothermal temperatures on the physicochemical properties of catalysts was thoroughly discussed to address the structure--activity relationship.

2. Results and Discussion {#sec2}
=========================

2.1. Characterization of the Supports {#sec2.1}
-------------------------------------

### 2.1.1. XRD Results {#sec2.1.1}

The obtained XRD patterns in wide-angle and small-angle domains are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. It can be seen from [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A that all materials synthesized at different hydrothermal temperatures show the characteristic peaks at 2θ = 8--10° and 22.5--25°, which are assigned to ZSM-5 crystals,^[@ref36]^ indicating that ZSM-5 seeds are successfully assembled into the structure of SBA-16. Compared to the pure ZSM-5 microporous zeolite, the as-synthesized micromesoporous materials ZS-*x* possess much lower peak intensities in the range of 5--32°,^[@ref26]^ indicating that the introduced ZSM-5 seeds mainly exist in primary and secondary units of minicrystals.

![XRD patterns of the series materials produced with different hydrothermal temperatures at the domains of (A) the wide angle and (B) low angle.](ao0c01783_0001){#fig1}

From [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B, it can be clearly found that all materials have the characteristic peak at 0.2--1° that is attributed to the reflection of a mesoporous structure in SBA-16.^[@ref37],[@ref38]^ As the crystallization temperature increases from 80 to 160 °C, the peak intensities increase at first but then suffer great decreases of which the ZS-100 composite shows the highest peak intensity, indicating that it may have the best crystallinity and the highest order degree.

### 2.1.2. N~2~ Physisorption Results {#sec2.1.2}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,B shows the N~2~ adsorption--desorption graphs and the pore size distribution patterns of the ZS series composites. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, all materials exhibit the type-IV isothermal curves and H2 hysteresis loops, which confirm that the synthesized composites have a micromesoporous morphology.^[@ref30],[@ref39]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B shows the pore diameter distributions, and it can be seen that the ZS materials synthesized at the temperatures from 80 to 120 °C have narrow pore size distributions at around 5 nm, while when the hydrothermal temperature is up to 140 °C and even as high as 160 °C, the pore diameters could be enlarged, reaching more than 8 nm that is favorable for the desulfurization of macromolecular sulfides.

![(A) N~2~ adsorption isotherms and (B) pore size distributions of the series materials with different hydrothermal temperatures.](ao0c01783_0002){#fig2}

The relative calculated results are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, which shows that the surface areas of the series materials decrease in the sequence ZS-80 \> ZS-100 \> ZS-120 \> ZS-160 \> ZS-140. Moreover, the pore volumes increase first and then decrease as the temperature increases of which the ZS-100 sample possesses the largest pore volume. In addition, the rising temperature leads to the expansion of pore diameters, and thus ZS-140 and ZS-160 obtained at higher synthesis temperatures might have relatively large pore sizes.

###### Pore Structural Parameters of the Series Materials with Different Hydrothermal Temperatures

  samples   *S*~BET~ (m^2^·g^--1^)   *V*~mes~ (cm^3^·g^--1^)   *d*~BJH~ (nm)
  --------- ------------------------ ------------------------- ---------------
  ZS-80     735                      0.41                      3.90
  ZS-100    685                      0.53                      4.05
  ZS-120    591                      0.75                      5.50
  ZS-140    387                      0.63                      8.73
  ZS-160    419                      0.60                      8.18

2.2. Characterization of Catalysts {#sec2.2}
----------------------------------

### 2.2.1. Py-FTIR Spectra of the Oxided Catalysts {#sec2.2.1}

The acidities of the series catalysts were tested by Py-FTIR characterization, and the corresponding results are depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A shows the total acids of the NiMo series catalysts obtained at 200 °C in which several peaks appear at 1446, 1492, 1546, 1575, and 1622 cm^--1^. According to refs,^[@ref20],[@ref40],[@ref41]^ the apparent signals at 1446, 1492, 1575, and 1622 cm^--1^ are attributed to the Lewis acid, while the signal appearing at 1546 cm^--1^ is ascribed to the existence of the Brønsted acid.^[@ref42],[@ref43]^ Moreover, the peak areas shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A indicate that most of the total acidities are attributed to Lewis acid sites, which can also be confirmed by the statistical results obtained at 200 °C as shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

![Py-FTIR graphs of the series catalysts with different hydrothermal temperatures obtained at (A) 200 °C and (B) 350 °C: (a) NiMo/ZS-80, (b) NiMo/ZS-100, (c) NiMo/ZS-120, (d) NiMo/ZS-140, and (e) NiMo/ZS-160.](ao0c01783_0003){#fig3}

###### Amounts of Brønsted and Lewis Acid Sites of the Oxided Catalysts with Different Hydrothermal Temperatures

                amount of acid sites (μmol g^--1^)                                              
  ------------- ------------------------------------ ------ ------- ------ ------ ----- ------- ------
  NiMo/ZS-80    150.7                                12.1   162.8   0.08   62.8   3.5   66.3    0.06
  NiMo/ZS-100   196.8                                11.1   207.9   0.06   95.0   3.9   98.8    0.04
  NiMo/ZS-120   264.6                                11.5   276.0   0.04   95.9   5.5   101.4   0.06
  NiMo/ZS-140   286.5                                14.0   300.5   0.05   87.9   5.8   93.7    0.07
  NiMo/ZS-160   246.9                                17.1   264.0   0.07   58.0   4.2   62.2    0.07

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B shows the results obtained at 350 °C, which are derived from the medium and strong acids. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B, the characteristic peaks located at 1446, 1492, 1575, and 1622 cm^--1^ can be clearly seen, which are attributed to the pyridine molecules adsorbed on the Lewis acid. In addition, the peaks appearing in all NiMo catalysts at 1546 cm^--1^ are assigned to the Brønsted acid.

As can be seen from [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, the total acids obtained at 200 °C roughly show increasing tendencies in terms of Brønsted and Lewis acids, which could influence the selectivity of the HDS reaction. Among all catalysts, NiMo/ZS-140 has the largest amount of Lewis acid sites and L + B acid sites, while NiMo/ZS-160 possesses the largest amount of Brønsted acid sites. However, the medium and strong acids increase initially and then decrease as the hydrothermal temperature increases further. As shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, NiMo/ZS-120 primarily has the highest amount of Lewis and Brønsted acid sites.

### 2.2.2. Raman Spectra of the Oxided Catalysts {#sec2.2.2}

Raman spectra of the NiMo-supported series catalysts in oxided types are displayed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The spectra of the series oxide catalysts in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} show characteristic peaks at 955, 908, 826, and 331 cm^--1^ of which the peaks located at 955, 908, and 826 cm^--1^ can be attributed to the precursor of NiMoO~4~ phase,^[@ref44]^ while the peak at 331 cm^--1^ is due to the M=O~T~ bending vibration^[@ref45]^ (T represents the terminal bonding), originating from the existence of octahedral MoO~4~^2--^ species.^[@ref46]^ Also, the broad peak shown at 890--1000 cm^--1^ is derived from the stretching vibrations of the M=O~T~ double bond, which generally indicates strong MSI.^[@ref47]^ The obvious intensity for M=O~T~ of NiMo/ZS-80 has the lowest value, while the NiMo/ZS-120 has the highest intensity, confirming that NiMo/ZS-80 and NiMo/ZS-120 have the weakest and the strongest MSIs, respectively. Moreover, the M=O~T~ species could be easily sulfided, which would favor the generation of the active phases.

![Raman graphs of the series catalysts with different hydrothermal temperatures: (a) NiMo/ZS-80, (b) NiMo/ZS-100, (c) NiMo/ZS-120, (d) NiMo/ZS-140, and (e) NiMo/ZS-160.](ao0c01783_0004){#fig4}

### 2.2.3. XPS Spectra of the Sulfided Catalysts {#sec2.2.3}

XPS is an important method for affirming the surface composition and chemical state of catalysts. The results of the NiMo/ZS series sulfided catalysts are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. Different locations of binding energies in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} mean various chemical states of Mo species of which the binding energies of 228.7 ± 0.1 and 231.8 ± 0.1 eV belong to Mo 3d~5/2~ and Mo 3d~3/2~ of Mo^4+^, respectively, while the binding energies of 230.1 ± 0.1 and 233.6 ± 0.1 eV are assigned to those of Mo^5+^. Also, the locations of binding energies of the Mo^6+^ state in Mo 3d~5/2~ and Mo 3d~3/2~ are at 232.5 ± 0.1 and 236.1 eV.^[@ref11]^

![XPS graphs of the series catalysts with different hydrothermal temperatures: (a) NiMo/ZS-80, (b) NiMo/ZS-100, (c) NiMo/ZS-120, (d) NiMo/ZS-140, and (e) NiMo/ZS-160.](ao0c01783_0005){#fig5}

###### XPS Statistical Results of the Series Sulfide Catalysts with Different Hydrothermal Temperatures

                Mo^4+^   Mo^5+^   Mo^6+^                 
  ------------- -------- -------- -------- --- ---- ---- ----
  NiMo/ZS-80    35       24       1        1   24   16   59
  NiMo/ZS-100   31       21       2        2   22   22   52
  NiMo/ZS-120   27       18       1        1   32   22   45
  NiMo/ZS-140   39       26       0        0   21   14   65
  NiMo/ZS-160   33       22       0        0   27   18   55

ar. % means the area percent of XPS peak.

*S*~Mo~ = Mo~sulfidation~ = Mo^4+^/(Mo^4+^ + Mo^5+^ + Mo^6+^).

The binding energy located at 225.9 ± 0.1 eV is attributed to S^2--^. It is believed that Mo^4+^ species are the main contributors to the catalytic activities, and Mo^6+^ species are detrimental to the good performance in the HDS reaction.^[@ref27]^ It can be seen from the related data listed in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} that the sulfidation degrees (named *S*~Mo~ in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) of the series sulfide catalysts are in the sequence NiMo/ZS-140 (65%) \> NiMo/ZS-80 (59%) \> NiMo/ZS-160 (55%) \> NiMo/ZS-100 (52%) \> NiMo/ZS-120 (45%).

### 2.2.4. HRTEM of the Sulfided Catalysts {#sec2.2.4}

The morphologies of MoS~2~ species of the sulfide catalysts are examined by HRTEM, and the related images are displayed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The typical fringes of MoS~2~ slabs in all catalysts vary in terms of stacking numbers and slab lengths. It is widely known that a high catalytic activity generally needs short slabs and suitable stacking degrees^[@ref38]^ because short MoS~2~ slabs actually facilitate good dispersions of active sites and appropriate stacking numbers are preferable for desirable sulfidation degrees. In the HDS process, high edge-to-basal active sites are significant for good DBT HDS performance,^[@ref48]^ which can be realized by modulating the suitable MoS~2~ stacking numbers of two to four layers. According to the statistical counting and sampling of about 200 MoS~2~ slabs in the HRTEM images, the results are summarized in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. From [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}, it is clear that the slab lengths of the series catalysts increase as the temperatures go up, while the stacking numbers change in the converse sequence, which could contribute to the higher DBT HDS activity of NiMo/ZS-160.

![HRTEM images of the series catalysts with different hydrothermal temperatures: (a) NiMo/ZS-80, (b) NiMo/ZS-100, (c) NiMo/ZS-120, (d) NiMo/ZS-140, (e) NiMo/ZS-160; (f) MoS~2~ slab length statistics.](ao0c01783_0006){#fig6}

###### HRTEM Statistical Results of the Series Catalysts with Different Hydrothermal Temperatures

  catalyst      *L*~av~ (nm)   *N*~av~   *f*~Mo~
  ------------- -------------- --------- ---------
  NiMo/ZS-80    4.84           4.00      0.22
  NiMo/ZS-100   4.38           4.73      0.28
  NiMo/ZS-120   4.44           5.31      0.29
  NiMo/ZS-140   3.91           5.44      0.27
  NiMo/ZS-160   4.03           4.50      0.25

2.3. Self-assembly Mechanism and the Effect of Hydrothermal Crystallization {#sec2.3}
---------------------------------------------------------------------------

The F127 molecule has two main hydrophilic and hydrophobic groups called amphipathic or amphiphilic parts, which were used as the mesoporous-structure-directing agents in the preparation of ZS materials. As the synthesis process is depicted in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, the aggregating degree of F127 was highly improved under the increasing hydrothermal crystallization temperature. Simultaneously, an enhanced number of hydrophobic end groups approached closely to produce more condensed water-repellent cores, while hydrophilic groups in the external surface could provide more hydroxyl contact points under higher hydrothermal temperatures. Then, PEO chains of F127 and water molecules in the hydration layer were greatly expelled out, creating a thinner shell structure. After adding TEOS and ZSM-5 emulsions into the system, the hydrolyzed silicate particles and ZSM-5 nanocrystals would be assembled along the hydration layer to form relatively large cages and mesopore channels with the rising hydrothermal temperature. Consequently, as proven by N~2~ physisorption results in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the pore diameters of the ZS series composites demonstrate an increasing tendency. Also, NiMo/ZS-140 possesses the largest pore size of 8.73 nm, which is twice than those of NiMo/ZS-80 and NiMo/ZS-100.

![Synthesis process of the ZS series composites.](ao0c01783_0007){#fig7}

In addition, the variations of hydrothermal temperatures could cause significant changes in the rate of crystal growth and influence the assembling and disassembling rates of silicate species, thus further modulating the structural properties. Actually, the loss of surface areas of ZS-140 and ZS-160 could be attributed to the high hydrothermal temperatures because excessively high hydrothermal temperatures could consequently induce a rapid growth rate of crystals, resulting in the formation of crystal defects in the structure. Meanwhile, the balance between assembling and disassembling would be easily broken under relatively high hydrothermal temperatures, and the disassembly rate of silicate particles is highly accelerated, thus causing more defects in the siliceous framework.

In addition, the changes in the assembly process derived from the different hydrothermal temperatures could also modulate the acidity of composite materials. The hydroxyl groups on the surface of frameworks would dehydrate with the increasing hydrothermal temperature, resulting in reduction of acidities. Based on the Py-FTIR results in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, it is confirmed that the amounts of total acids and L acidity decreased as the temperature increases to 160 °C, in agreement with the above trend.

In sum, the hydrothermal temperature plays an indispensable role in the synthesis of ZS composites, which could cause significant diversification in the physicochemical properties of the NiMo/ZS series catalysts.

2.4. Results of DBT HDS {#sec2.4}
-----------------------

### 2.4.1. Catalytic Activity for DBT {#sec2.4.1}

The catalytic activities of the series catalysts were evaluated by the DBT HDS reaction at different WHSVs ranging from 100 to 10 h^--1^, and the corresponding result is shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. Obviously, lower values of WHSVs result in higher desulfurization conversion because the reactants could have a long-time contact with the active sites in catalysts at lower WHSVs. NiMo/ZS-160 exhibits the highest desulfurization conversion at all WHSV ranges as compared with other catalysts, reaching up to 96.5% sulfur removal for DBT at a WHSV of 10 h^--1^.

![Catalytic performances of DBT HDS reaction over various catalysts: (a) NiMo/ZS-80, (b) NiMo/ZS-100, (c) NiMo/ZS-120, (d) NiMo/ZS-140, (e) NiMo/ZS-160, and (f) NiMo/γ-Al~2~O~3~.](ao0c01783_0008){#fig8}

The corresponding calculated results of TOF and *k*~HDS~ are listed in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}, and it can be easily concluded that the TOF and *k*~HDS~ values of the NiMo/ZS series catalysts change roughly in the order NiMo/ZS-160 \> NiMo-140 \> NiMo/ZS-100 \> NiMo/ZS-80 \> NiMo/ZS-120, of which NiMo/ZS-160 possesses the highest values of TOF and *k*~HDS~, in accordance with the DBT HDS results. Furthermore, compared to the DBT HDS results over the pure materials^[@ref49]^ in which NiMo/ZSM-5 and NiMo/SBA-16 show the highest desulfurization conversions of less than 90 and 80%, respectively, the micromesoporous ZS composites are absolutely promising candidates for supports of HDS catalysts, which exhibit higher desulfurization conversions of more than 95%. Meanwhile, the NiMo/ZS series catalysts show superiorities in DBT HDS activity to the traditional NiMo/Al~2~O~3~ catalyst. According to a previous work,^[@ref32]^ the NiMo/γ-Al~2~O~3~ catalyst showed a lower DBT HDS conversion than the NiMo/ZS series catalysts. As is widely known, strong metal--support interaction (MSI) might contribute to poor dispersion of active metals, thereby resulting in undesirable catalytic activities. Thus, the moderate metal--support interactions (MSIs) of the NiMo/ZS series catalysts are more preferable for DBT HDS reaction compared to the NiMo/γ-Al~2~O~3~ catalyst that possesses strong MSI. In addition, the NiMo/ZS series catalysts have advantageous properties compared to the NiMo/γ-Al~2~O~3~ catalyst, such as large surface area and pore diameters, greatly conducing their applications in the DBT HDS process.

###### Catalytic Performances for HDS of DBT over Various Catalysts[a](#t5fn1){ref-type="table-fn"}

                                     product selectivity (%)[b](#t5fn2){ref-type="table-fn"}                                      
  ------------- ------ ------ ------ --------------------------------------------------------- ------ ------ ------ ------ ------ ------
  NiMo/ZS-80    30.0   4.42   1.62   42.8                                                      0.00   12.4   6.42   0.00   38.3   1.61
  NiMo/ZS-100   32.7   4.92   1.39   31.8                                                      1.23   19.5   1.51   3.11   42.8   1.34
  NiMo/ZS-120   33.4   4.22   1.15   30.9                                                      0.61   28.0   1.63   2.30   37.7   1.65
  NiMo/ZS-140   36.9   5.85   1.67   26.9                                                      1.04   25.9   1.22   1.02   43.9   1.28
  NiMo/ZS-160   41.3   6.77   2.02   25.4                                                      1.33   25.2   1.60   0.74   45.8   1.18

HYD: THDBT + PHDi + CHB + CPMB + CPMCH; DDS: BP.

Determined at about 50% of total DBT conversion by changing WHSV.

The number of reacted DBT molecules per hour and per Mo atom at the edge sites.

### 2.4.2. Selectivity of DBT HDS {#sec2.4.2}

The product analysis results from DBT HDS reactions are listed in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}, which were obtained via GC-MS characterization. It has been clearly found that the desulfurization reactions of the DBT reactant proceed through two dominant routes: a direct desulfurization (DDS) route and a hydrogenation desulfurization (HYD) route. In the DDS pathway, biphenyl (BP) is the typical product consequently by direct cleavage of C--S bonds, while in the HYD route, the corresponding products are generated from various degrees of hydrogenation steps including tetrahydrodibenzothiophene (THDBT), cyclohexenylbenzene (CHEB), cyclohexylbenzene (CHB), and so on t of which THDBT is one of the representative products.

According to the data in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}, the ratios of HYD/DDS are in the range of 1.18--1.65, confirming that the HYD route of the DBT HDS reaction over the NiMo/ZS series catalysts contributes the main part to S removal. As depicted in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, DBT is first hydrogenated to THDBT in the HYD reaction route and is then transformed into the desulfurization products CHEB and CHB. Additionally, some HYD CHEB products are isomerized to produce phenyl-hexadiene (PHDi) and cyclopentylmethylbenzene (CPMB), demonstrating that the acidity of the NiMo/ZS series catalysts could promote the isomerization mechanism. Furthermore, CPMB undergoes deep hydrogenation and is converted to cyclopentylmenhylcyclohexane (CPMCH). Meanwhile, in the DDS pathway, DBT is directly desulfurized to BP via C--S cleavage without any other products and intermediates.

![Reaction routes of DBT.](ao0c01783_0009){#fig9}

Furthermore, the HYD/DDS ratios change in the order NiMo/ZS-120 \> NiMo/ZS-80 \> NiMo/ZS-100 \> NiMo/ZS-140 \> NiMo/ZS-160, the same change tendencies as the strong Lewis acidities.

2.5. Discussion {#sec2.5}
---------------

It is usually believed that excellent catalytic performances closely correlate to desirable physicochemical properties of catalysts, such as large surface area, big pore channels, appropriate acidity, and good dispersion of metallic active sites.^[@ref34]^ According to the evaluation results in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, the DBT HDS reaction over the NiMo/ZS series catalysts exhibits high desulfurization rates even at high WHSVs among which NiMo/ZS-160 displays the best catalytic performance; thus, the proposed explanation should be listed as follows.

First, the supports of SBA-16 mesoporous materials assembled by ZSM-5 crystallites possess uniform pore channels (8.17 nm in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), which facilitate the mass transfer processes of reactants and products in regard to alleviating the huge diffusion resistance of macromolecules inside the internal pores of catalysts. Moreover, the ZS series composites can provide large surface areas for active metals to form more active type-II NiMoS phases,^[@ref50]^ which could promote the HDS reaction efficiently over the NiMo/ZS catalysts.

Second, the assembling of ZSM-5 seeds into the framework of mesoporous SBA-16 materials will enhance the acidities of the ZS composite supports, thereby improving the desulfurization rate and selectivity greatly. According to the HDS tendencies in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, NiMo/ZS-160 with the largest total Brønsted acidity exhibits the highest HDS conversion. Moreover, the strong Lewis acidity will improve the HYD route in the HDS process; as a result, NiMo/ZS-120 with the highest amount of Lewis acid sites exhibits the highest HYD/DDS ratio.

Third, the sulfidation degree of active metals plays an important role in the catalytic performance. From the results of Raman spectroscopy, no apparent peaks assigned to bulk MoO~3~ on the NiMo/ZS series catalysts are observed, which confirm that appropriate metal--support interaction is obtained. According to XPS and HRTEM results in [Tables [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} and [4](#tbl4){ref-type="other"}, it is found that the active metals supported on the ZS series composites have high sulfidation degrees (*S*~Mo~, noted in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) and good active-metal dispersions (*f*~Mo~, noted in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}), which result from appropriate metal--support interaction. Accordingly, a higher sulfidation degree indicates higher proportions of MoS~2~ active sites for the adsorption and HDS reaction of DBT,^[@ref51]^ accelerating the progress of DBT HDS reactions. Consequently, the NiMo/ZS series catalysts exhibit good DBT HDS performance as illustrated in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}.

Finally, the MoS~2~ slabs over the NiMo/ZS catalysts possess appropriate stacking degrees and slab lengths. Compared to MoS~2~ slabs in the traditional NiMo/Al~2~O~3~ catalysts, which generally have 1--2 layers, the MoS~2~ slabs over the NiMo/ZS series catalysts exhibit more stacks (about 4 layers) with shorter lengths (approximately 4 nm). It is widely accepted that the planar adsorption of the macromolecular sulfide with alkyl substituents bonded at adjacent sites of sulfur atoms would be obstructed by MoS~2~ slabs with lower stacking degrees through its aromatic rings,^[@ref52]^ while MoS~2~ slabs with more stacking numbers would decrease the opportunities of exposure and accessibility of active metals and then favor the perpendicular adsorption of DBT via S atoms.^[@ref50]^ Moreover, the stacking numbers of active MoS~2~ phases could completely change the types of "Ni--Mo--S" active phases over the corresponding HDS catalysts of which suitable stacking numbers could expose more edge MoS~2~ sites, thus promoting the contact between the reactant DBT and active metals.^[@ref50],[@ref53]^

Consequently, the synergistic effects of physicochemical properties of the supports, the sulfidation degrees, and metal--support interaction of active metallic species coordinately contribute to the catalytic performance in DBT HDS results. The mesopores of SBA-16 provide wide pores and large channels for fluent mass transfer of reactants and products. The adequate surface areas of the ZS composites ensure the good dispersion of active metals on the surface of supports. Moreover, the introduction of ZSM-5 seeds into ZS composites greatly improves the acidities of the supports. As a result, DBT HDS performances of the NiMo/ZS catalysts are definitely good of which NiMo/ZS-160 exhibits the highest desulfurization conversion of 96.5%. Furthermore, the selectivity of the HYD route is greatly improved by the enhanced total Brønsted acid and strong Lewis acid originating from the primitive nanocrystals of ZSM-5.

3. Conclusions {#sec3}
==============

Micromesoporous materials of ZSM-5/SBA-16 were synthesized by a two-step in situ assembly method using ZSM-5 nanocrystals as the original substrates. The influences of hydrothermal temperatures on the structure of ZS supports and the corresponding catalytic activity in the DBT HDS reaction were investigated in depth. The open pore channels of SBA-16 and the superior acidities of ZSM-5 displayed coordinating contributions to the DBT HDS reaction, which was then confirmed by the high catalytic performance of the NiMo/ZS series catalysts. When the crystallization temperature was 160 °C, the NiMo/ZS-160 catalyst exhibited the highest DBT HDS efficiency, which could be mainly attributed to the synergistic contributions of the physicochemical properties of ZS supports and the dispersion states of active metals. Large pore sizes of ZS composites could alleviate diffusion hindrance effectively. The enhanced acidities especially the total Brønsted acid and strong Lewis acid revealed great influences on the catalytic HDS activity and HYD selectivity, respectively. Moreover, the concerted contributions of suitable MSIs, desirable stacking layers, and lengths of MoS~2~ active metals promoted the realization of a higher DBT HDS efficiency of 96.5%.

4. Experimental Section {#sec4}
=======================

4.1. Synthesis of Materials {#sec4.1}
---------------------------

First, ZSM-5 seeds were obtained by mixing two solutions: Solution A was composed of NaOH, NaAlO~2~, and H~2~O in the ratio of 1:3.5:70, and solution B contained NaOH, TAPBr (tetrapropylammonium bromide), and H~2~O in the ratio of 1:8.8:26.7. Then, the mixture was transferred into a Teflon kettle and kept at 170 °C for 32 h for crystallization.

The micromesoporous materials were prepared using F127 as a template, *n*-butanol as a surfactant, and TEOS (tetraethyl orthosilicate) as a silica source. Then, the as-synthesized ZSM-5 seeds were dropped into the above mixture after which the solution was kept statically at 30 °C for 24 h. Different temperatures (80, 100, 120, 140, and 160 °C) were adopted in the crystallization process, and the final materials denoted as ZS-*x* were obtained through filtration, washing, drying, and calcination of which *x* represents the hydrothermal temperatures (80, 100, 120, 140, and 160 °C).

4.2. Preparation of the Corresponding Catalysts {#sec4.2}
-----------------------------------------------

The as-synthesized materials were combined with the mixture of ammonium chloride and water together in the mass ratio of 1:3:30 under stirring at 30 °C for 3 h, and then a series of treatments including cleaning, filtering, drying, and calcination were performed to obtain the composite materials of ZS-*x*, which were utilized as supports for NiMo catalysts. The related catalysts were loaded in 15.0 wt % MoO~3~ and 3.5 wt % NiO, and then, they were marked as NiMo/ZS-80, NiMo/ZS-100, NiMo/ZS-120, NiMo/ZS-140, and NiMo/ZS-160, corresponding to crystallization temperatures of 80, 100, 120, 140, and 160 °C, respectively.

4.3. Characterization of the Supports and Catalysts {#sec4.3}
---------------------------------------------------

X-ray diffraction (XRD) was performed using a powder X-ray diffractometer and Cu Kα radiation in two ranges including small-angle (1.3--6°) and wide-angle domains (5--80°).

N~2~ adsorption--desorption, a characterization method for the surface properties, was done using a Micromeritics Tristar 3020 (an automated analyzer) at 77 K first and then shifted to 623 K. In the testing process, 0.2 g of samples was loaded and tested. In addition, the BET model and BJH method were chosen for the calculations of the surface area and pore sizes, respectively.

Py-FTIR characterization running with a resolution of 1 cm^--1^ was performed to detect the acidities of the samples using a MAGNAIR 560. Also, the Py-FTIR spectra were obtained using a DIGILAB FTS-3000 (the corresponding instrument) at 473 and 623 K.

The morphology of the series materials was obtained by SEM (scanning electron microscopy) characterization using Cambridge S-360 apparatus under 20 kV. The morphology of materials and their pore structures were detected in the nanometer level by the application of TEM (transmission electron microscopy) analysis, which were performed in a JEOL JEM 2100 analyzer at 200 kV.

A Raman spectrometer (Renishaw Micro-Raman System 2000) was used to record the laser Raman spectra of oxided catalysts, which was operated under a wavelength of 325 nm. The power for the sample spectra was 8 mW.

XPS characterization using Al Kα radiation was applied in the analysis of sulfided catalysts with a Thermo Fisher K-Alpha spectrometer. Cyclohexane was used as the solution for keeping the sulfided samples from reoxidization.

HRTEM images were recorded using a Philips Tecnai G2 F20 S-TWIN microscope under an accelerating voltage of 300 kV. The slab length and stacking number distributions of active phases were calculated using the statistical method of the corresponding equations^[@ref34]^ as belowwhere *l~i~* is the length of crystallites and *N~i~* is the layer number of active MoS~2~. *f*~Mo~ is the dispersion degree of the active sites, and it could be calculated by the following equation^[@ref35]^where *f*~Mo~ and *n~i~* refer to the edge-to-total Mo atom ratio and the quantity of Mo atoms on the edge sites of the MoS~2~ phases, respectively.

4.4. Catalytic Performance Evaluation {#sec4.4}
-------------------------------------

The HDS activity of the related catalysts was investigated in a fixed-bed microreactor using DBT (500 ppm S) dissolved in cyclohexane as the reactants. In the reaction process, the catalysts needed pretreatment in a sulfidation procedure for 4 h and then were shifted to the related operating conditions of 340 °C, 4.0 MPa, and 600 mL mL^--1^. Afterward, the HDS performance was tested under different WHSVs ranging from 10 to 100 h^--1^.

The HDS rate is calculated by [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, shown as followswhere *S*~f~ represents the sulfur content belonging to the feedstock and *S*~p~ is the sulfur content in the products measured by an RPP-2000SN instrument.
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